INTRODUCTION
DNA vaccines have been shown to elicit humoral and cellular immune responses and thus offer an attractive strategy for large-scale vaccination. To date, DNA immunization has been widely investigated against several viral [1, 2] , bacterial [3, 4] , and parasitic [5, 6] pathogens in various animal models. However, DNA vaccines in primates and humans are less immunogenic than in mice, particularly in their ability to induce humoral responses [7] [8] [9] [10] [11] . Some of the approaches used to increase the immunogenicity of DNA vaccines include adjuvants or different delivery systems, modifications in the plasmid backbone, or alteration in the codon bias [12, 13] . Heterologous prime/boost immunization has also emerged as an alternate strategy to optimize immune responses induced by DNA vaccines [10, 14] . It is generally believed that the immunogenicity of DNA plasmid largely relies on the presence of unmethylated CpG motifs in the backbone as a "built-in adjuvant" [15, 16] . Immunization with DNA containing CpG motifs as well as synthetic CpG oligonucleotides (CpG ODN) activates the immune system thorough Toll-like receptor-9 (TLR9) [17] and stimulates B cells, natural killer (NK) cells, and professional antigen-presenting cells to produce cytokines, chemokines, and immunoglobulins (Igs) [18] .
It has been observed that the immunomodulatory effects of CpG ODN are species-specific, differing with respect to the number of CpG and the flanking sequences. Although the optimal CpG motifs for the mouse were not active in human, recently, it was discovered that human peripheral blood mononuclear cells (PBMC) recognize and respond to two structurally distinct types of CpG ODN (K-and D-type, known as B-and A-type ODN, respectively) [19, 20] . K-type ODN contain a phosphorothioate TCGT or TCGA motif that stimulates B cells and monocytes to proliferate and secrete IgM and interleukin (IL)-6. D-type ODN have a phosphodiester purine/pyrimidine/ cytosine-guanine (CG)/purine/pyrimidine motif capped by a poly-G tail at the 3Ј end and stimulate monocytes to mature into functionally active dendritic cells (DC), plasmacytoid DC (pDC), to secrete interferon (IFN)-␣, and indirectly, NK cells, to secrete IFN-␥. Thus, we hypothesized that immunogenicity of plasmid DNA for humans and/or nonhuman primates might be modulated by the presence of human CpG motifs in the plasmid DNA backbone [15, 16] .
In the present study, we modified the backbone of plasmid VR1020 with the insertion of two types of human CpG motifs (K-or D-type CpG motifs) to optimize immunogenicity of plasmid DNA. Our data showed that plasmid DNA containing K-type CpG motifs or D-type CpG motifs significantly enhanced production of cytokines from human PBMC and stimulated monocytes to develop into mature DC. Our studies also showed a preferential effect of plasmid DNA on pDC. Moreover, immunization of mice with a D-type CpG motif-modified plasmid encoding a Plasmodium falciparum transmission blocking vaccine candidate significantly enhanced antigenspecific antibody response.
MATERIALS AND METHODS
Human CpG ODN and cloning strategy into DNA plasmid Based on the core sequence of D-type (purine/pyrimidine/CG/purine/pyrimidine with poly-G tail) and K-type (TCGT or TCGA clusters) ODN, which stimulate human PBMC [19] , single-stranded sense and antisense oligodeoxynucleotides were designed and synthesized (Biosynthesis Inc., Lewisville, TX). The D-type sense ODN sequence was 5ЈGGTGCATCGATGCAGCATC-GAGGCAGGTGCATCGATACAGGGGGG3Ј [45 base pairs (bp)], and the K-type sense ODN sequence was 5ЈATCGACTCTCGAGCGTTCTTCGTTCGT-TCTC3Ј (31 bp). The immunostimulatory CpG motifs are underlined.
To obtain double-stranded DNA (dsDNA), equimolar amounts of sense and antisense ODN were incubated at 95°C for 10 min and allowed to cool at room temperature (RT) for 2 h. For cloning into plasmids (see Fig. 1 ), the vectors VR1020 (Vical Inc., San Diego, CA) and VR1020/Pfs25 (cloned as in refs. [10, 21] ) were transformed into DM1-competent cells (Invitrogen, Carlsbad, CA) to enable easier digestion of unmethylated DNA with StuI. After StuI digestion, double-stranded ODN were ligated overnight at 16°C and transformed into DH5␣-competent Escherichia coli cells and positive colonies selected by polymerase chain reaction (PCR) analysis. For K ODN-inserted plasmid, sense and antisense single-stranded ODN were used as PCR primers to screen positive colonies. For D ODN-inserted plasmid primers, 5ЈGGTGCATCGAT-GCAGCATCG3Ј and 5ЈCCCCCCTGTATCGATGCACC3Ј were used for screening the colonies. After confirming DNA sequences of modified plasmids, endo-free plasmid purification kits (Qiagen, Valencia, CA) were used to purify plasmids. All samples were carefully checked for endotoxin levels by using limulus amoebocyte lysate assay (BioWhittaker, Inc., Walkersville, MD). Endotoxin levels were less than 0.1 EU/mg DNA. If endotoxin levels were higher, removal of endotoxin was achieved by the Triton-X114 method [10] .
Cells
Human PBMC and elutriated monocytes (Ͼ95% pure) were obtained from the National Institutes of Health (NIH) Department of Transfusion Medicine (Bethesda, MD). Human PBMC were isolated by density gradient centrifugation over Ficoll-Hypaque as described before [19] and cultured in RPMI 1640 supplemented with 10% heat-inactivated fetal calf serum (FCS), 50 U/ml penicillin, 50 g/ml streptomycin, 1.5 mM L-glutamine, 10 mM HEPES, 1 mM sodium pyruvate, and 0.5 mM 2-mercaptoethanol (2-ME) in a 5% CO 2 in-air incubator. Human pDC were purified from elutriated monocytes using a blood DC antigen (BDCA)-2 cell isolation kit (Miltenyi Biotec, Auburn, CA). pDC had a purity Ͼ90% based on positive expression of BDCA-2, CD123 (IL-3R␣), CD4, CD45RA, and lack of expression of CD14, CD1a, and CD11c (data not shown). pDC (5ϫ10 5 /ml) were cultured in complete RPMI-1640 medium supplemented with 10 ng/ml recombinant human IL-3 (PeproTech, Rocky Hill, NJ). Untransfected human embryonic kidney-293 (HEK293) cells or those stably transfected with human TLR9 [22] were maintained in Dulbecco's modified Eagle's medium (Invitrogen) supplemented with heat-inactivated FCS, penicillin/streptomycin, sodium pyruvate, HEPES buffer, L-glutamine, and 2-ME.
Antibodies
Antibodies against human IFN-␥ (Endogen, Woburn, MA), IFN-␣ (PBLBiomedical Laboratory, New Brunswick, NJ), IL-6, and IFN-inducible protein 10 (IP-10; R&D Systems, Minneapolis, MN) were used for enzyme-linked immunosorbent assay (ELISA). Fluorescein isothicyanate-, phycoerythrin (PE)-, and/or CyChrome-labeled antibodies against human CD40, CD83, and CD86 and isotype-matched control antibodies were obtained from BD PharMingen (San Diego, CA) and used as recommended by the manufacturer.
Flow cytometry
Expression of cell-surface markers was measured by flow cytometry as described previously [23] . Briefly, cells were harvested and washed with phosphate-buffered saline (PBS) containing 3 mM EDTA and fixed in medium A (Caltag, Burlingame, CA) as recommended by the manufacturer. Cells were washed with PBS, stained with PE-or Cychrome-labeled antibodies for 45 min at RT in dark, then washed with PBS containing 0.1% bovine serum albumin (BSA) and 0.1% NaN 3 , and analyzed by FACSort (BD Biosciences, San Jose, CA). Cell-Quest software was used for data analysis.
Cytokine measurement in culture supernatants by ELISA Supernatants of the cultured cells were analyzed immediately for cytokine production by using ELISA as described previously [19] . Briefly, 96-well Immulon 2 plates were coated with anti-human IL-6, IFN-␥, IFN-␣, or IP-10 in PBS (pH 7.2) for 4 h. The plates were blocked with 1% BSA-PBS and washed, and culture supernatants were added and incubated for 2 h at RT. The plates were then washed and treated with biotinylated anticytokine antibody (1 g/ml) followed by phosphatase-streptavidin (BD PharMingen, San Diego, CA) for 1 h at RT. The plates were read using colorimeter at 405 nm after adding K-gold substrate (Neogen, Lexington, KY), and concentration of cytokine was determined by comparison with recombinant human cytokine standards included in the same experiment. The detection limit of the assays was 6 pg/ml for IFN-␥, 20 pg/ml for IL-6, 10 pg/ml for IFN-␣ (1 Unit is approximately equal to 3-5 pg), and 5 pg/ml for IP-10. Stimulation index for IFN-␥ was calculated by the formula: (value for stimulated cells-background)/(value for unstimulated cells-background) [19] .
Serum antibody ELISA
Briefly, 96-well Immulon plates were coated with recombinant Pfs25 at 2 g/ml concentration in bicarbonate buffer (4 mM Na 2 CO 3 , 8 mM NaHCO 3 , pH 9.6) and incubated overnight at 4°C [21, 24] . After blocking with 5% nonfat milk ϩ 0.05% Tween 20-PBS, serum dilutions were made and incubated for 2 h. After extensive washes between incubations, plates were incubated with horseradish peroxidase-conjugated goat anti-mouse IgG (Kirkegaard and Perry Labs, Gaithersburg, MD) and IgG1 and IgG2a (Southern Biotechnology Assoc., Birmingham, AL) at 1:2000 dilutions. Plates were developed with 2,2Ј-azinobis(3-ethylbenzothiazoline 6-sulfonate) single reagent substrate (Kirkegaard and Perry Labs, Gaithersburg, MD), and absorbance was recorded at 405 nm. End-point titers were defined using an average optical density of preimmune serum ϩ 2 SD as the cut-off value.
In vitro mammalian cell expression and Western blotting
Untransfected HEK293 cells or those stably transfected with human TLR9 were transiently transfected with 0.25, 0.5, and 1 g DNA plasmids VR1020, KJ/VR1020, and DJ/VR1020, encoding Pfs25, using FuGENE transfection reagent (Roche Molecular Biochemicals, IN), according to the manufacturer's instructions. Cells were harvested at 48 h post-transfection using lysis buffer (Sigma Chemical Co., St. Louis, MO). Whole cell lysates were heated at 95°C for 10 min and subjected to electrophoresis on 12% sodium dodecyl sulfatepolyacrylamide gel under nonreducing conditions and transferred to nitrocellulose membrane followed by probing with pooled mouse sera containing anti-Pfs25 antibody (at 1:5000 dilution). The bands were detected using LumiGLO detection system (Cell Signaling Technology, Beverly, MA). Immunodetection of extracellular signal-regulated kinase (ERK) using anti-ERK antibody (Promega, Madison, WI) was used as loading control.
Animals and immunizations
Six-to 8-week-old female Balb/c mice were purchased from Charles River Laboratories (Wilmington, MA) and housed at the Johns Hopkins University Bloomberg School of Public Health's animal facility (Baltimore, MD). Animals were immunized intramuscularly in the tibialis anterior muscle with 25 g VR1020, KJ/VR1020, and DJVR1020 encoding Pfs25 in 100 l PBS. Four weeks later, all animals were boosted with the same dose regimen, and 4 weeks after the first boost, sera were collected and stored at -20°C until use. All groups contained 10 -14 mice per group.
Statistical analysis
Statistically significant differences were analyzed by ANOVA one-way variance test. P Ͻ 0.05 was considered significant.
RESULTS

Plasmid modification by human CpG motifs
Plasmid VR1020, a commonly used DNA vaccine vector, has a cytomegalovirus (CMV) promoter and tissue plasminogen activator (TPA) signal sequence that allow better expression of the encoded products in mammalian cells and facilitate protein secretion, respectively. The analysis of nucleotide sequence of VR1020 showed that the CG dinucleotide is present at a frequency of one in 23 dinucleotides, and the plasmid VR1020 contains 11 mouse CpG motifs based on the 5ЈPuPuCpGPyPy3Ј sequence. It also contains two K-type CpG motifs in the cluster format of TCGT or TCGA and no D-type human CpG motif (ATCGAT or ACCGGT). To investigate the built-in adjuvant effect of human CpG motifs in the plasmid backbone, plasmid VR1020 was modified by insertion of K-or D-type CpG DNA (see Materials and Methods; Fig. 1 ) [19, 23] . After modification, D-type ODN-modified plasmid (termed as DJ/VR1020) contained three extra CpG cores of D ODN (in the form of 45 bp dsDNA), and K-type ODN-modified plasmid (termed as KJ/VR1020) contained five extra K-type CpG motifs (in the form of 31 bp dsDNA).
Effects of modified plasmids on human PBMC
To investigate the effect of modified plasmids, we first used total human PBMC, which were incubated with various concentrations (10, 33, and 100 g/ml) of unmodified (VR1020) and modified plasmids (KJ/VR1020 or DJ/VR1020) for 3 days, and the expression profiles of CD83, CD40, and human leukocyte antigen (HLA)-DR were analyzed by flow cytometry. Both modified plasmids (KJ/VR1020 or DJ/VR1020) enhanced the percentage of CD83-CD40 double-positive cells even at the lowest concentrations tested and reached a plateau at a higher concentration (Fig. 2a) . A dose of 10 g/ml of the modified plasmids yielded similar numbers of CD83/CD40 double-positive cells observed with the highest dose (100 g/ml) of the unmodified plasmid (*, PϽ0.05, 10 g/ml KJ/VR1020 or DJ/VR1020 vs. 10 g/ml VR1020). We also found a similar increase in the numbers of the CD83-HLA-DR double-positive cells after incubation with KJ/VR1020 or DJ/VR1020 (data not shown). Conversely, the two modified plasmids were comparable with each other with respect to the activation of human PBMC. These results suggest that the insertion of K-or D-type CpG ODN potentiated the immunostimulatory activity of the plasmid DNA.
Cytokine production was also analyzed in human PBMC stimulated with modified and unmodified plasmids (Fig. 2b) . In the preliminary experiments, we used different concentrations (10, 30, and 100 g/ml) of plasmids to stimulate human PBMC and found optimal activation with 30 g/ml concentration (data not shown). In subsequent studies, human PBMC were incubated with 30 g/ml each plasmid for 3 days, and IFN-␥ and IL-6 levels were measured in the culture supernatants by ELISA. We found that both modified plasmids induced significantly higher levels of IL-6 secretion from human PBMC when compared with the unmodified parent plasmid (**, PϽ0.001). Conversely, IFN-␥ production was significantly enhanced only by KJ/VR1020 plasmid (*, PϽ0.05). Unmodified plasmid VR1020 did not induce IL-6, and the IFN-␥ level was only slightly affected.
We next investigated the ability of modified and unmodified plasmids to stimulate IFN-␣ secretion from human PBMC (Fig.  2c) , possibly reflecting the presence of pDC in the human PBMC. The secretion of IFN-␣ from pDC supports the differentiation of monocytes into DC [25] . Human PBMC were incubated with 30 g/ml each plasmid for 3 days, and IFN-␣ was measured in the supernatants by ELISA. The IFN-␣ level was significantly enhanced only by KJ/VR1020 plasmid (*, PϽ0.01), although unmodified plasmid and DJ/VR1020 also induced lower levels of IFN-␣ from human PBMC.
Effects of modified plasmids on human monocytes
Elutriated monocytes mature into DC within 48 h by D ODN treatment, as characterized by increased surface expression of CD83 and CD86 and low levels of CD14 [25] . To investigate whether ODN-modified plasmids would have similar effects on human monocytes, elutriated monocytes were incubated with 30 g/ml unmodified and modified plasmids for 48 h, and DC maturation was assessed by flow cytometry. As shown in Fig.  3 , the DC maturation (CD83/CD86 double-positive cells) in the presence of modified plasmids was much lower than that observed in previously published studies with free D ODN treatment. In these studies, we also noted that the up-regulation of CD83 (DC marker) on monocytes was remarkably higher after 48 h incubation with plasmids (KJ/VR1020, 40.32%; DJ/VR1020, 28.13%; VR1020, 14.58%, vs. 1.58% medium and 6.25% D ODN), suggesting that elutriated monocytes become mostly immature DC (expressed mostly CD83) when stimulated with DNA plasmids, and human CpG motifs inserted in the vector backbone further enhance the monocyte to differentiate into immature DC.
Contribution of pDC to monocyte activation by plasmids
D ODN directly activate pDC to produce large amounts of chemokine IP-10 and cytokine IFN-␣, which helps monocytes to differentiate into DC [25, 26] . To identify primary target cell activation by plasmid DNA, we next analyzed the chemokine and cytokine production in the supernatants of elutriated monocytes, enriched or depleted in pDC population (Fig. 4) . The enriched pDC cultures responded significantly to all plasmids and produced high levels of IP-10 (*, PϽ0.001, various plasmids vs. media). The extent of IP-10 production was generally comparable with each other except for a slight increase in the plasmid KJ/VR1020-stimulated group. The IP-10 production was abrogated when the pDC were depleted (**, PϽ0.001). We found similar results with IFN-␣ levels (data not shown). In addition, enriched pDC from the elutriated monocytes were monitored for the appearance of CD86 hi CD123
hi cells by flow cytometry and found that both modified plasmids resulted in higher numbers than unmodified plasmid (data not shown). Taken together, these data clearly show that similar to D-type ODN, plasmid DNA stimulates monocytes to differentiate into DC via pDC activation, possibly involving production of IFN-␣ and IP-10.
In vitro and in vivo activity of modified plasmids encoding Pfs25
VR1020 encoding Pfs25, a P. falciparum transmission-blocking vaccine candidate, when administered intramuscularly (i.m.), has been shown to elicit high titers of antibodies in mice [21] , although the same plasmid construct was only poorly immunogenic in nonhuman primates [10] . Thus, our long-term goal is to improve DNA vaccine to elicit better antibody responses against Pfs25 in nonhuman primates and eventually in humans. To analyze whether the expression level of Pfs25 was affected by the modification of the plasmid backbone, we first investigated the in vitro expression of Pfs25 in mammalian cells (HEK293 cells) transfected with K and D ODN-modified plasmids encoding Pfs25. Western blotting results showed that Pfs25 protein expression was not affected by the modification of plasmids (data not shown). CpG motifs in bacterial DNA are recognized by TLR9 [17, 27] . To investigate whether the presence of TLR9 would affect the protein expression, possibly as a result of TLR9-mediated cellular activation, we also tested HEK293 cells stably transfected with human TLR9 [22] to monitor Pfs25 protein expression. As shown in Fig. 5a , Pfs25 expression levels were comparable in all groups, except for slightly higher expression with the DJ/VR1020-Pfs25 plasmid at a higher concentration used for transfection.
Next, we sought to investigate the in vivo effect of modified plasmids on the immunogenicity of the Pfs25 protein. Although the CpG motifs optimal for mice are not active in human, previous results have suggested that human CpG motifs are, however, active in mouse [28] . Six-to 8-week-old female Balb/c mice (10 -14 per group) were immunized with 25 g VR1020-Pfs25, KJ/VR1020-Pfs25, and DJ/VR1020-Pfs25 followed by a booster immunization at a 4-week interval. Four weeks after the second immunization, anti-Pfs25 antibody responses were measured by ELISA. The DJ/VR1020-Pfs25-immunized group showed a significant increase in Pfs25-specific IgG titers when compared with the control or KJ/VR1020-Pfs25 group ( Fig. 5b; *, PϽ0.05) . The antibody responses for KJ/VR1020-Pfs25 and VR1020-Pfs25 groups were comparable. Pfs25, as a recombinant DNA vaccine, has been shown to induce IgG1 and IgG2a antibody isotypes in mice [21] . When analyzed for antibody isotypes, CpG-modified plasmids encoding Pfs25 did not have any drastic effect on the isotypes of antibodies (Fig. 5c ) except that the DJ/VR1020-Pfs25-immunized mice revealed approximately threefold higher Pfs25-specific IgG2a (PϽ0.05; DJ/ VR1020 vs. VR1020). Taken together, these results imply that modification of plasmid backbone by the D-type CpG motif might enhance the antigen-specific total IgG responses, and similar modifications could be even desirable if T helper cell type 1 immune responses and IgG2a isotype-switch are expected as outcomes for any given DNA vaccination. 
DISCUSSION
DNA vaccines in nonhuman primates and humans are not as immunogenic as in mice and need to be optimized for human use. Several animal studies have shown that the immunogenicity of the plasmid DNA is dependent on the adjuvanticity of unmethylated CpG motifs found in the plasmid backbone [15, 16, 29 -31] . However, recent studies have revealed sequence differences in the CpG motifs active in different species [28, 32] . Optimal CpG motifs for mice do not stimulate human PBMC, whereas CpG motifs optimized for human are immunostimulatory for human and mice. In addition, two different types of CpG ODNs (D-and K-type CpG ODN) have been identified, which stimulate human PBMC differentially [19] . These observations led us to hypothesize that poor immunogenicity of the DNA vaccine in humans may be attributed to lower immunostimulatory activity of the plasmid for human immune cells. Thus, in the present study, we modified DNA plasmid backbone with these two distinct types of humanspecific CpG motifs and investigated their effects on various types of human immune cells, aiming to improve the immunogenicity of the DNA vaccine for human use against malaria.
Our results showed that unmodified plasmid (VR1020) induced a low level of cytokines (trace amount of IL-6 and moderate levels of IFN-␥ and IFN-␣) in total human PBMC. Conversely, both modified plasmids, KJ/VR1020 or DJ/ VR1020, induced significantly higher levels of IL-6 (Fig. 2b) . In addition, up-regulation of surface molecules CD83 and CD40 by both modified plasmids was achieved with a 10 times lower dose than that of unmodified plasmid (Fig. 2a) . Conversely, we found distinct activation of IFN-␥ and IFN-␣ by the two modified plasmids. KJ/VR1020 but not DJ/VR1020 induced significantly higher levels of IFN-␥ and IFN-␣ by PBMC (Fig. 2b) [19] . Taken together, these observations revealed that two distinct human CpG motifs did enhance immunostimulatory activity of plasmid DNA when inserted into plasmid backbone. Moreover, there were significant differences between direct effects of free ODN and ODN-modified plasmids, particularly for the induction of IFN-␥ and IFN-␣. Unlike K ODN, plasmid KJ/VR1020 was a strong inducer of IFN-␥ and IFN-␣, and unlike D ODN, DJ/VR1020 plasmid did not induce IFN-␥ and IFN-␣. The reasons for these differences are not known. It may be recalled that CpG, as ODNs, are single-stranded molecules, possibly making secondary structure, and the same CpG motifs in the plasmid DNA are present as a doublestranded helix. Clearly, additional studies are needed to investigate such immunomodulatory differences between free CpG ODN and ODN-modified plasmids. An additional effect may be a result of effective concentration of CpG motifs presented to the cells being targeted.
In the current study, we found that plasmid DNA induced the maturation of human monocytes into DC via activation of pDC, present in the culture. This was further supported by the result that plasmid-induced IP-10 and IFN-␣ production by elutriated monocytes were abrogated by pDC depletion (Fig. 4 and data not shown). Moreover, our findings showed that both modified plasmids resulted in differential DC maturation as compared with unmodified plasmid, as revealed by an increase in the numbers of CD83-positive cells (Fig. 3) . Collectively, these findings suggest that differential activation of human PBMC and monocytes by human CpG-modified plasmids is via pDC and possibly through TLR9 recognition, although further studies are needed to confirm it. Recently, Spies et al. [27] reported that similar to CpG DNA, plasmid DNA also activates murine DC subsets (myeloid and pDC) through TLR9, as confirmed by using TLR9-deficient cells. In mice, myeloid and pDC express TLR9, whereas in human, only pDC express TLR9 [26] . This difference in TLR9 expression might be contributing to the poor efficacy of DNA vaccines in humans. Our finding that human CpG-modified plasmids activated pDC as well as monocytes better than unmodified plasmid provides rationale for further evaluation of modified plasmids as DNA vaccine vectors.
Another important question deserving further investigation pertains to the number of CpG motifs inserted for optimum immunogenicity of plasmid DNA. Several studies have been conducted in mouse and bovine models to increase the immunogenicity of DNA plasmid by introducing CpG motifs into plasmid backbone [29 -31] . In these studies, numbers of CpG motifs incorporated were up to 90. Our results suggest that as few as only three to five human CpG motifs are sufficient to augment the immunogenicity of plasmid DNA. As such, the VR1020 plasmid contains only two human K-type CpG motifs and 11 mouse CpG motifs, which may attribute to lower immunostimulatory activity of VR1020 in human PBMC. It is more striking that the VR1020 does not have any D-type CpG motif. Insertion of five additional K-type CpG or three extra D-type CpG into the plasmid may have had a greater impact on the immunostimulatory activity of the plasmid. The other possibility is that the site of insertion of CpG motifs may also have an effect on the immunogenicity of plasmid DNA. In our studies, we inserted K or D CpG motifs in the StuI restriction enzyme site, downstream of the kanamycin-resistance gene (Fig. 1) , which is similar to the site containing critical CpG motifs for immunogenicity of DNA vaccine in mice [15] . Although additional studies are required, our data suggest that insertion of as few as five K-type or three D-type CpG motifs significantly enhanced the immunostimulatory activity of plasmid DNA for human immune cells.
Our laboratory has long focused on improving the immunogenicity of DNA vaccines for the induction of high titer antibodies against the P. falciparum transmission-blocking vaccine antigen (Pfs25). We have previously reported on highly effective immunogenicity of DNA vaccines in mice [21] . However, the same vaccine construct was only modestly immunogenic when tested in nonhuman primates [10] . The current studies were designed to make an attempt to optimize the poor immunogenicity of the DNA vaccine in higher mammals by humanizing the immunostimulatory CpG motifs in the plasmid backbone. Although plasmid DNA may act via TLR9, the expression of an antigen encoded by the plasmid was not affected by additional immunostimulatory CpG motifs introduced in the plasmid backbone. Recent observations [33] using TLR9Ϫ/Ϫ and TLR9ϩ/ϩ mice have also suggested that immunogenicity of DNA vaccines may not be entirely dependent on recognition of TLR9, and thus, other mechanisms might need to be taken into consideration for improving their immunogenicity. Our results showed no difference in the ex-pression levels of encoded protein (Pfs25) between the modified and unmodified plasmids. This was the case even in the presence or absence of TLR9, which is the receptor for DNAcontaining CpG motifs (Fig. 5a and data not shown) . Finally, the immunogenicity of modified plasmids encoding Pfs25 was evaluated in vivo in mice, based on the observations that human CpG motifs are active in mice [28] . We found that the DJ/VR1020-Pfs25 plasmid induced higher levels of Pfs25-specific IgG with subtle differences in the isotypes of antibodies elicited. However, the results from the mice experiments do not exclude the possibility that these plasmids could behave differently in nonhuman primates and humans, and thus, further studies in larger mammals are needed to clarify this critical issue.
Results presented in this report demonstrate that introducing two distinct human CpG motifs into the plasmid DNA improves immunostimulatory effects of plasmid DNA on human immune cells. Our results also point out different outcomes for CpG motifs when present in the context of plasmid backbone as compared with ODN as such. Thus, any attempts to modulate immunogenicity of DNA vaccines must assess modified plasmids directly rather that relying on the effects of CpG ODN. Taken together, our work provides support for undertaking more studies to improve the immunogenicity of DNA vaccines by modification of the plasmid backbone in nonhuman primates and humans.
